The deposition of copper metallization is achieved from acidic copper sulfate solution containing small concentrations of chloride, suppressor, accelerator, and leveler. Void-free filling of trenches and vias results from the complex interplay between the additives in the solution. Here we report on the adsorption/desorption of the copper-suppressor-chloride complex in solutions without accelerator or leveler. We show that desorption of the suppressor complex occurs at a critical potential that is dependent on the pH, chloride concentration, cupric ion concentration, and suppressor concentration. We derive an expression for the critical potential from which we determine the composition of the complex. In addition, the solubility product of the complex is determined to be log K s = −14. The recent shift from aluminum to copper as the material of choice for on-chip metallization in semiconductor manufacturing was accompanied by a concurrent shift from vacuum deposition to electrochemical deposition as the preferred metallization technique.
The recent shift from aluminum to copper as the material of choice for on-chip metallization in semiconductor manufacturing was accompanied by a concurrent shift from vacuum deposition to electrochemical deposition as the preferred metallization technique. 1, 2 This method is better known as the damascene copper plating process. Void-free fill of high-aspect-ratio trenches and vias is achieved through fast filling of the cavities relative to the planar field during electrochemical copper deposition. The strong differential in electrodeposition kinetics is the result of the interaction of several plating additives. This phenomenon is known as superfilling or superconformal filling. The introduction of the damascene copper electroplating process for wafer manufacturing has highlighted the relative lack of understanding of the role of additives in superfilling of submicrometer features. [3] [4] [5] [6] [7] [8] [9] [10] [11] The systematic decrease in feature sizes in integrated circuits requires continuous optimization of existing chemistries as well as the development of new chemistries with more aggressive superfilling capabilities. To develop such chemistries a deeper qualitative and quantitative understanding of superfilling is desired.
Typical acid copper sulfate-based plating solutions that exhibit superfilling contain small concentrations of chloride ͑1-2 mM͒ and organic additives, usually referred to as suppressor, accelerator, and leveler, respectively. 10 The disulfide molecule bis͑3-sulfopropyl͒ disulfide or SPS is commonly used as an accelerator. A polyalkylene glycol polymer ͑Mw = 3-4 ϫ 10 3 g mol −1 ͒ such as polyethylene glycol ͑PEG͒, polypropylene glycol ͑PPG͒, or a copolymer thereof are well-known suppressor molecules. 9, 12, 13 The adsorbed depolarizing suppressor inhibits the copper deposition reaction, whereas the accelerator enhances the copper deposition rate. It is generally believed that the relative coverage of suppressor and accelerator on the surface regulates the local deposition rate. The leveler, typically a nitrogen-containing aromatic compound, is mainly added to level protrusions formed when the copper grows out of trenches and vias. 14, 15 Previously, we have reported on the interaction of copper, cupric and cuprous ions with the accelerator molecule. 10 The inhibition of the copper deposition reaction by the suppressor occurs only in the presence of small amounts of chloride ions. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Inhibition of copper deposition by the suppressor complex leads to hysteresis in current-voltage curves. 9, 12, 13, [16] [17] [18] Various kinetic descriptions, mechanisms, and models for the copper deposition reaction in the presence of PEG have been proposed. 13, [19] [20] [21] [22] [23] In this paper, we report on a thermodynamic study of the suppressor complex. The effect of chloride, cupric ions, suppressor, and pH were investigated using electrochemical impedance spectroscopy ͑EIS͒ and slow-scan voltammetry ͑SSV͒. We show that desorption of the suppressor complex occurs at a critical potential. The dependence of the critical potential on chloride, cupric ion, suppressor concentration, and pH enabled us to determine a thermodynamic relationship for the suppressor adsorption/desorption reaction and to estimate the solubility product.
Experimental
All experiments were carried out at room temperature in a conventional three-electrode cell located in a Faraday cage to minimize stray electric and magnetic fields. The counter electrode was separated from the working electrode compartment with a porous glass membrane. The working electrode was a polished platinum rotating disk electrode ͑RDE͒ ͑Metrohm model 628-1͒ with an area of 0.071 cm 2 . The platinum electrode was mechanically polished to 50-nm alumina particles, cleaned in 30 vol % HNO 3 for not less than 2 min, and then rinsed with deionized water ͑18 M⍀͒.
The reference electrode was a saturated mercury/mercury sulfate electrode ͑SMSE͒ ͓U eq = 0.65 V vs the saturated hydrogen reference electrode ͑SHE͔͒ and was connected to the cell via a Luggin capillary placed about 0.5 cm from the working electrode. All potentials are reported with respect to the SMSE unless indicated otherwise. The counter electrode consisted of platinum gauze cleaned in 30 vol % HNO 3 Prior to each experiment, the platinum disk electrode was immersed in the solution and a copper film was deposited at 1 mA ͑14 mA cm −2 ͒ for 90 s. The thickness of the copper film was about 0.5 m. All experiments were performed at a rotation rate of 1000 rpm.
Impedance measurements were conducted at constant potential with an rms amplitude of 10 mV. A platinum wire was placed in the Luggin capillary, in parallel with the reference electrode, to decrease the impedance of the reference electrode and minimize noise. Before each measurement, the system was allowed to reach a steady state by holding the potential of the Cu rotating disk electrode at the measurement potential for at least 30 s. Successive spectra at each potential were identical and scans from low to high frequency gave similar results as scans from high to low frequency, demonstrating the stability and reproducibility of these measurements.
Results
Cyclic voltammetry.- Figure 1 shows current-potential curves for a rotating Cu disk in the MA solution containing 50 ppm chloride, both with and without suppressor. In the absence of the suppressor, the current increased rapidly as the potential was swept negative of the open-circuit potential ͑U OC = −0.35 V͒. In solutions with suppressor, the onset of copper deposition was shifted negative by 0.35 to −0.7 V. This increase in overpotential is due to the adsorption of a suppressor-chloride complex, which strongly inhibits copper deposition. 10, 12, 13 In the absence of chloride, the suppressor does not strongly adsorb on the copper surface and there is little inhibition of deposition. Figure 2 shows typical current-potential curves at the Cu disk in MA solutions with 25 mL L −1 suppressor and chloride concentrations ranging from 5 to 50 ppm ͑0.14-1.4 mM͒. For solution with 50 ppm Cl − , the current increases exponentially with potential, typical for a fully suppressed copper surface. For solutions with ͓Cl − ͔ Ͻ50 ppm, at low overpotentials the current is the same as for the 50 ppm solution, however, at more negative potentials the deposition current increases to values larger than in the 50 ppm solution. The critical potential at which this increase occurs, U crit , becomes more negative with increasing ͓Cl − ͔ concentration. This characteristic increase in deposition current compared to deposition current for the 50 ppm solution at a critical potential indicates a transition from a state of suppression to a state of nonsuppression at the copper surface.
It is also evident from the current-voltage curves that for ͓Cl − ͔ Ͻ50 ppm, the reverse scans exhibit hysteresis in that deposition continues to a more positive potential than in the forward scan. A similar effect is well known for copper deposition from solutions that contain chloride, suppressor, and accelerator 11, 24 and is attributed to the gradual displacement of the suppressor complex by the accelerator, leading to an increased deposition rate. In this case the hysteresis is due to slow readsorption of the suppressor complex as the potential is swept positive of the critical potential. A similar effect has been reported for copper deposition from solution containing chloride and polypropylene glycol as the suppressor but no accelerator. 9 Impedance spectroscopy.- Figure 3 shows a series of complex plane plots for copper deposition in a MA solution with 30 ppm chloride and 25 mL L −1 suppressor at a Cu rotating disk electrode. In all cases, two loops with distinct time constants are observed. Similar results were obtained at other chloride concentrations, as well as in the LA and HA solutions. The higher frequency loop is associated with charge transfer at the interface and was modeled using an equivalent circuit with a resistance, R S , in series with a parallel resistance-capacitance ͑RC͒ network consisting of a resistor, R P , in parallel with a constant phase element, CPE. The total impedance of the equivalent circuit is
The CPE is represented by an equivalent capacitance, Q, and an exponent, n. 25 In most cases, fitting produced n Ͼ 0.9, and we take Q = C p . As we show below, the RC network is associated with the presence or absence of the suppressor complex at the surface. There is an abrupt decrease in R P and corresponding increase in C p on desorption of the suppressor complex. Figure 4 shows R S , R P , and C p plotted vs the applied potential. and C p −1 show a sharp change at a potential that is dependent on the Cl − concentration. The non-negligible series resistance coupled with a large current leads to a significant IR drop in the cell. Figure 5 shows R P −1 and C p −1 replotted with applied potential corrected for the IR drop. Figure 5a shows that for U Ͻ −0.65 V and U Ͼ U crit , log R P −1 is linear with an inverse slope of 64 mV dec −1 . The deviation from linearity near the positive potential limit is due to the contributions from the cuprous ion formation reaction and the back ͑dissolution͒ reaction. 10 At U crit , desorption of the suppressor complex results in an increase in the rate of copper deposition and hence a sharp increase in R P −1 . C p −1 also increases quasi-linearly with negative potentials for U Ͼ U crit , as seen in Fig. 5b , indicating that this potential range is positive of the potential of zero charge. Except for the 5 ppm solution, the capacitance is nearly independent of chloride concentration. The higher capacitance ͑smaller C p −1 ͒ seen for the 5 ppm ͓Cl − ͔ solution indicates that the chloride concentration is too low to form a fully adsorbed surface layer of the suppressor complex. In the parallel-plate capacitor model the capacitance is inversely proportional to the separation between the two plates. At U crit , desorption of the suppressor complex leads to a decrease in the plane of closest approach of ions in solution to the surface and hence results in an increase in the capacitance ͑lower C p −1 ͒. Figure 5a and b show that U crit becomes more negative with increasing ͓Cl − ͔ concentration. Furthermore, there is good agreement in the values of U crit obtained from R P −1 and from C p −1 . We note that the transitions in R P −1 and C p −1 seen in Fig. 5 appear relatively broad when plotted against the applied potential, as seen in Fig. 4b and c but are sharp when the potential is corrected for the IR drop. Figure 6 shows a semilogarithmic plot of the steady-state current densities, i ss , recorded during impedance measurements. In the linear region ͑U Ͻ −0.65 V͒, the current density displays a Tafel slope of 78 mV dec −1 , close to the slope of 64 mV dec −1 obtained from ‫ץ/‪U‬ץ‬ log R P −1 in Fig. 5 . The current density also exhibits a sharp transition from suppression to nonsuppression at the critical potential, U crit . 
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Journal of The Electrochemical Society, 153 ͑4͒ C258-C264 ͑2006͒ C260 Slow scan voltammetry.- Figure 7a shows current-voltage curves for a Cu disk electrode in MA solution with chloride concentrations from 5 to 50 ppm at a scan rate of 0.5 mV s −1 . These slow scan rate current-potential curves also show the transition from suppression to nonsuppression at the critical potential, U crit . With increasing chloride concentration, U crit shifts progressively to more negative potentials, as seen in Fig. 5 and 6 . Figure 7b shows the same curves with the potential corrected for the IR drop. The apparent negative slope is due to the change in charge-transfer ͑parallel͒ resistance associated with the transition from suppression to nonsuppression. The sharp transition seen in the corrected curves allows for unambiguous determination of the critical potential, corresponding to the most negative potential under which the system is fully suppressed. Figure 8 is a comparison of the critical potentials obtained from capacitance measurements and slow scan voltammetry for different chloride ion concentrations. The values of the critical potential determined from the different techniques are in good agreement with each other. As can be seen from the figure, the critical potential is dependent on the logarithm of the chloride concentration. For the LA solution, the slopes, ‫ץ‬U crit ‫ץ/‬ log͓Cl − ͔, obtained from capacitance measurements and slow scan voltammetry are −111 and −117 mV dec −1 , respectively. For the MA solution, the corresponding slopes are −163 and −150 mV dec −1 . In the HA solution, there is less agreement in the slopes, which are −176 and −232 mV dec −1 . In subsequent experiments, the dependence of the critical potential on solution chemistry was investigated using slow scan voltammetry because a large number of solutions can be tested rapidly. Figure 9 shows the dependence of the critical potential on the suppressor concentration over a range of chloride concentrations in the LA solution. It is evident that the critical potential is only weakly dependent on the suppressor concentration as long as the concentration is above a threshold value of about 1 mL L −1 . In general, the critical potential shifts to more negative values with increasing suppressor and chloride concentration due to the formation of the suppressor/chloride complex at the surface. For chloride concentrations of 1-10 ppm, the slopes ‫ץ‬U crit ‫ץ/‬ log͓Supp͔ vary between −2 and −5 mV dec −1 . For higher chloride concentrations, a similar weak dependence of U crit on suppressor is seen in the higher suppressor concentration range. However, it is evident that the critical potential at low suppressor concentration is more positive than expected based on extrapolation of the curves. At 0.25 mL L −1 the suppressor concentration is too low to effectively inhibit deposition and increasing the chloride concentration leads to an increase in the rate of copper deposition and hence a positive shift in the critical potential. In this composition range, the accelerating effect of the chloride 10, 26 is stronger than the inhibiting effect of the suppressor complex. Figure 10 shows the dependence of the critical potential on chloride ion concentrations for solutions with 25 mL L −1 suppressor and a sulfuric acid concentration of 1.78 M but with different copper ion concentrations. Increasing the copper concentration from 0.27 to 0.63 M results in a positive shift of about 80 mV at low to medium chloride concentrations and corresponds to a cupric ion dependency ‫ץ‬U crit ‫ץ/‬ log͓Cu 2+ ͔ of about 220 mV dec −1 . Figure 11 shows the dependence of the critical potential on pH over a range of chloride concentrations in solutions with 25 mL L −1 suppressor and a high copper concentration. For the solutions with HA and LA concentration, the copper concentration was 0.63 M. For the MA concentration, the Cu 2+ concentration was 0.55 M. In Fig. 11 , the values for U crit in the MA solution were corrected to a copper concentration of 0.63 M using ‫ץ‬U crit ‫ץ/‬ log͓Cu 2+ ͔ = 220 mV dec −1 , obtained from Fig. 10 , resulting in a +5 mV shift. For solutions with increasing pH, the critical potential is shifted to more positive potentials. Fitting the data leads to slopes between 70 and 80 mV pH −1 depending on chloride ion concentration. From Fig. 10 and 11 , it is clear that the differences seen in Fig. 8 between the HA, MA, and LA solutions are a composite effect of changes in both the copper concentrations and the pH.
In industry there is a trend toward plating baths with low acid and high copper content for improved wafer-scale uniformity and wafer throughput. 27, 28 However, our results indicate that increasing pH and cupric ion concentration result in a positive shift in the critical potential and hence a narrower potential range for suppression during copper deposition ͑see Fig. 8, 10 , and 11͒. This explains the slower feature filling observed for LA baths.
28

Discussion
The critical potential corresponds to the point where the suppressor-chloride complex is desorbed from the surface and is logarithmically dependent on ͓Cl − ͔, ͓Cu 2+ ͔, ͓Supp͔, and ͓H + ͔, implying that all are involved in formation of the complex that suppresses copper deposition. A general expression for the formation of a complex involving the suppressor ether groups, ͑-OEt-͒, chloride, and Cu + is given by
Note the similarity with the formation of CuCl by complexation of Cu + in the presence of millimolar concentrations of Cl −29 ͑see Appendix A͒. From our experimental results it follows that H + and Cu 2+ are also involved in the adsorption of the suppressor complex. We assume that the adsorbed suppressor complex is of the general form ͓Cu͑II͒ x ͑-OEt-͒Cu͑I͒Cl y H z ͔ q+ . It has been shown previously 22 that the ether groups also form an aqueous complex with cupric ions
For the case of PEG, m = 4. The aqueous ether groups, ͑-OEt-͒, in Eq. 2 can then be replaced by the Cu͑II͒͑-OEt-͒ 2+ complex in Eq. 3. On introducing H + to balance the charge, the total reaction can be described by
Reaction 4 can be written for the complete suppressor molecule
where y is the number of ether groups per molecule ͑e.g., for a 3400 Mw PEG, y = 77͒ and x is the number of methylene groups per oxygen ͑for PEG x = 2 and for PPG x = 3; for a copolymer x is between 2 and 3͒. The solubility product for Reaction 5 is
The equilibrium potential for copper in the presence of the Cu͑I͒ complex can be determined from combination of Eq. 6 and the equilibrium potential for the Cu + /Cu couple. The approach is summarized for the case of CuCl in Appendix B. The equilibrium potential for the Cu + /Cu couple is given by
where U eq o ͑Cu + /Cu͒ = −0.129 V. Recognizing that ͓Cu 2+ ͔ ӷ ͓Supp͔, we can take ͓Cu͑II͒ w HO͓͑CH 2 ͒ x O͔ y H 2w+ ͔ Ϸ ͓Supp͔. Substitution of the free cuprous ion concentration, ͓Cu + ͔, from Eq. 6 into Eq. 7 gives
Equation 8 describes the potential where the adsorbed Cu͑I͒ complex is reductively desorbed from the surface and corresponds to U crit . When deriving the Nernst equation for a complexation reaction, the equilibrium constant is usually incorporated into the standard equilibrium potential. Equation 8 is then reduced to 
where U c o is the standard equilibrium potential for the reduction of the adsorbed Cu͑I͒ complex given by the reaction
gives the dependence of U crit on ͓Supp͔, ͓Cl − ͔, pH, and ͓Cu 2+ ͔. From the dependencies of the critical potential on these four parameters ͑Fig. The pH dependence of 70-80 mV per dec suggests a value of c Ϸ 1, indicating one proton per cuprous ion is incorporated in the complex to partially compensate the excess negative charge introduced by the chloride ions. From the cupric ion dependence ‫ץ‬U crit ‫ץ/‬ log͓Cu 2+ ͔ = 220 mV we obtain d Ϸ 3-4, or three to four cupric ions are released from the aqueous Cu͑II͒-ether complex upon adsorption of one cuprous ion. Note that 1Cu + + 2Cl − + 1H + , or a total of four ions displace three to four Cu 2+ ions, i.e., the number of occupied sites on the suppressor complex remains about the same before and after adsorption. From a combined analysis of all four variables ͑see below͒ we show that d = 3. From Reaction 3 and Ref. 22 ͑about one Cu 2+ ion per four ether groups͒, and from the observation that about 25 ether groups are associated with each cuprous ion in the complex, it follows that many cupric ions remain associated with the adsorbed complex ͑about 50% for m = 4 in Reaction 3͒.
The solubility constant of the suppressor complex, K s , can be determined from Eq. 8 using the relevant concentrations and U crit for each solution. We note that the suppressor concentration is 1-100 M; however, a precise value is not necessary because a is large and hence the term containing the suppressor concentration in Eq. 8 can be neglected.
So far we have assumed ideal solution behavior. The pH used in the calculations is the measured value, ensuring that the activity is taken into account, and the low chloride concentration ensures that its activity coefficient is close to one. Because the ionic strengths of the solutions ͑I = 2.8, 3.6, and 6.3 for LA, MA, and HA, respectively͒ are beyond the limit of the extended Debye-Huckel equation, the activity coefficient for Cu 2ϩ was estimated to be 0.3. c Recalling that U eq o ͑Cu + /Cu͒ = −0.129 V and rearranging terms in Eq. 8 gives
The value for log K s was calculated for each experiment according to Eq. 11 and plotted as a function of Cl − , pH, and Cu 2+ to check for the concentration independence. In this way it was found that only a value of b = 2 results in a value of log K s that is chloride independent. For a value of b = 3, a 60 mV per dec chloride dependence was observed ͑indicating one too many Cl − were assumed͒. The fact that slopes larger than 120 mV ͑b = 2͒ were found for MA and HA solutions is related to the influence of the data at higher chloride concentrations ͑see Fig. 9͒ . When ignoring these higher chloride concentrations, slopes of about 120 mV per dec were found in all cases. Similarly, only a value of c = 1 gave a pH-independent value of log K s . For d = 3, log K s was independent of ͓Cu 2+ ͔. Thus, we conclude that the values of the coefficients are b = 2, c = 1, and d = 3. The complete complexation reaction written for one suppressor molecule and assuming 25 
͓12͔
The exact number of cupric ions, w, is unknown. Figure 12 shows log K s calculated from 79 experiments ͑slow-scan voltammetry and impedance measurements͒ with b = 2, c = 1, and d = 3, plotted as a function of ͓Cl − ͔, ͓Supp͔, pH, and ͓Cu 2+ ͔. From this figure it is clear that log K s is independent of concentration and we obtain K s = −14.4 ± 0.6. The extremely low value of the solubility constant illustrates the high stability of the adsorbed suppressor complex on the copper surface. For comparison, the logarithm of the solubility constant for CuCl formation is log K s = −6.5, or only about half that of log K s for the Cu͑I͒ complex. The largest deviations in log K s were found for solutions with high chloride, low cupric, and high acid concentrations, which corresponds to those cases where suppression is strong and determination of U crit was typically difficult ͑see Fig. 4-6͒ . From the value of K s , the standard equilibrium potential, U c o , for Reaction 10 is calculated to be −0.98 V ͑SMSE͒ or −0.33 V ͑SHE͒ or about 0.2 V more negative than for CuCl͑s͒.
The discussion above is based on experiments on planar surfaces. For deposition of copper into features such as trenches and vias, the c The extended Debye-Huckel law can be written as −log ␥ i = 0.509z i 2 ͱ I/͑1 + 3.29r i ͱ I͒, where ␥ i is the activity coefficient, z i the charge on the ion, I the ionic strength of the electrolyte, and r i the ion radius in nanometers ͑r Cu 2+ = 0.6 nm͒. For an ionic strength I = 0.1 ͑the limit of the Debye-Huckel equation͒ we obtain ␥ i = 0.4. For I = 4 we obtain ␥ i = ϳ 0. 
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Journal of The Electrochemical Society, 153 ͑4͒ C258-C264 ͑2006͒ C263 local concentrations of Cu 2+ , Cl − , H + , and suppressor and the deposition potential determine the coverage of the suppressor complex and hence the degree of suppression of copper deposition. The ability to achieve void-free filling of features is dependent on the differential coverage of suppressor, accelerator, and leveler at the copper surface, and the ability of the accelerator to displace the suppressor complex. Thus adsorption/desorption of the suppressor complex plays a crucial role in the superfilling mechanism.
Conclusion
The electrochemical deposition of copper from acid cupric sulfate solutions in the presence of chloride and a suppressor has been investigated. The transition from suppression to nonsuppression occurs at a critical potential characterized by a rapid increase in the deposition current and interface capacitance. The critical potential is dependent on the concentration of Cu 2+ , Cl − , H + , and suppressor. From these relationships, a thermodynamic model of the suppressor complex was developed.
